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The Space Shuttle Orbiter has conducted various tliyht

test maneuvers during the Orbital Flight Test Program and

beyond in order to establish heating rates at various ,ang 1Js

of attack and center of gravity positions. The objective c>t

this project was to investigate the heating ettects on tht-

body flap dur-ing the entry flight test maneuvers dnd

determine the limits on the flap deflections for an aft center

ot gravity envelope on the Orbiter.

An analysis program available from the Air Force [light.

Test Center (AFFTC) uses applicable simulation equations tor

the aerodynamic performance of the TPS in their fliJht

simulator and data reduction program (NEATEST). The apprudcl,

* was to use the HEATEST program to determine the heatity on oiw.

criticai point on the body flap during the STS-2 entry tlitjlt

test inputs (Flap Thermocouple #V07T9508). From these results

and other results on the outboard elevons, the maximum t [a,,

detlection angle and Orbiter aft center of yravity could ,e

established.

Using the HEATEST program, results were obtained tWr

angle of attack and body flap deflection eftects but

ditficulty was encountered with Reynold's number v..I[fCL.

Several theoretical approaches were investigaLed resultin,. ii,

at least one technique that could be applied to HEA'I[. - t,

linearize or eliminate the Reynold's n:,,t.r ttct.

7,
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BODY FLAP HEAT TRANSFER IAI'A

FROM SPACE SHUTTLE ORBITER

ENTRY FLIGHT TEST MANEUVERS

I. TntroductionI

The United States Space Transportation System, the Spdct-.

Shuttle, has presented aerodynamicists with a unique riiw

challenge. Development ot the entry flight characterist ic

ana range of operations of its primary component, the Orbiter,

seen returning in Fig. 1, is vital to the overall success ,t

its mission. A systematic approach ot integrating the b--st ,-

ground tests, flight simulations, and flight tests n.t~de1 t,

be developed.

The AFF'rC Role

The Air Force Flight Test Center (ArFTC) has been and is

continuing to conduct an evaluation or the Orbiter to assess

its capability to meet Department of Detense requirements.

The goal ot the evaluation is to identity ario r,:move placards

in the Orbiter's operational envelope ttW couLd j ttect

nominal and contingency landing opuritioiis t-r-nu Va|diienbetg All

Force Base, California, which are more severe Lhtii the j~u.,:1t

launch and landing mode.

AFF r Models

Equations and parameters wre chu z; n t,

aerodynamic heating and one-,1di iivn:juna1 L cr hu l t itde-l, 1-,

..- ._ .. ' : ._- - .'.. - . .. - ., - . . • i . - . . " . _ -= % . ; . , - -- - ' -
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AFFTC flight simulator (Ref 1). The simulator was also used

for flight planning and the design of tliyht test maneuvers to

enhance flight test data reduction tor angle ot attack and

center of gravity envelope expansion. Rapid expansion ot the

flight envelope is required prior to mIo,:' severe tIntry

conditions and prior to removal of the tliqjht test datA

instrumentation from the operational vehicles. Upon obtdinig

embeaded thermocouple data, a reduction technique b .nd ,m

systems identitication theory was employed (Ret 2).

In systems ioentitication theory, models are simuldjtr,)n

equations and parameters required tor aerothermodyaiiii.

pertormance ot the orbiter's Thermal Protection System ('LP,).

The AFFTC simulator data base goes beyond the simple us: r .t

sphere (Ret 3) to determine reterence heating Condit ILIIw:,

and employs models to determine the variations asiociati:1 witti

angle ot attack (cK), elevon and body flap det ltct.ions (A. dl i

SIF )' Reynold's and Mach number (Re), arid -;-i .slip (u).

A program called HEATEST (for HEAT ESTimation) wa:, t :.I

to reduce the flight data. The variations abuvw were. a ,

to be linear derivatives ot the heat rate. I0.iing a

model the simulator was used to calculate a nondimt:n ,i ,k,,

heating ratio. A thermal model was also used witLhii t:i,.

program to calculate the temperature through the Ti'S. Tihu

one-dimensiondl ditterential equations in this thermal iu&1tl

are solved numerically to propogate the temperatur ,

sensitivity ot the temperature to each parameter, and 11,*-

cuvariance ot the temperature to the next discrvtu t tiwe it

aiscrete node points through tLhe TI'PS (Ret I).



.7 The Flight Test Maneuvers

The flight test maneuvers employ two technique, t,)

obtain the envelope expansion data. A block diagram (,t tthis

approach is shown in Fig. 2 (Ret 1). The tirst, ca.Iled

a Push-Over, Pull-Up (POPU), is emp:.-yed at a prescribed

velocity during the Orbiter entry when, from a given angle ot

attack, it is pitched downward manually by the crew' at a

preplanned rate, held at the minimum angle ot attack tur tivu

seconds, then pitched upward to a maximum an(jlu of. attack and

again held for the same duration before being brought hack to

its original position. This maneuver is employed to i,!, to In

aerodynamic litt to drag ratio and vehicle trim informal io, A,,

a function ot the angle ot attack. With aeviations; in tfl ,

flight path of opposite signs and by holding the maneuvkr to

A
only a few seconds the original traj ectory l.i ,iwt

significantly affected while at the same time AFFTC simultor

studies have indicated that most thermocouple locatiolib w, il,

be affected. With other variables constant, the heating rtL

versus angle of attack derivative (QO) could be estimdt ), '

thermocouple measurements.

A second type of maneuver called a h.iy t .1 , -,w,) - i,

consists of cycling the body tlap up and (itowi while, oilier

variables are constant. A roll doublet can also be ptLel

while the flap is down dnd the elevon is up to i't o,

aileron control derivatives.

Several considerations must. be made iii determl Ii., I ii

mission entry I[rotile. A :,tt- p,: ent.1/ rb , t. I -1 1

causing higher reterence ht',II 111,J but over a :Wa t " ' •

4
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time than the shallow entry that produces lower peak ht.;at ln,

but higher total heating. Another conisideration is t i ll.)

and elevon schedule. If the flap starts at a low (neAr z,-LU)

deflection angle it should increase in positive detltctioji

7. (downward) to maintain trim. At the iinge line, the

previously heated section of the flap now begins to be-com,!

part of the hinge area and radiates heat to the auiuizinia

chain seal, rib plate, and other internal areds in tfite att

tuselage possibly creating a heating problem. Lo the p%-.Lre A

deflection schedule for the body flap is tu have a Clni

positive deflection and decrease during entry. Howuvet,

trade otf must be made here with the elevons which derit-Ct

to balance the trim. They also heat at higher detlectins tnti

must be used tor banking and angle of attack conLrol.

Execution of the flight test maneuvers was succeuty,!: LY

carried out on the second, third, and fourth shuttle mi:.iu, ;

STS-2, 3, and 4. STS-2 performed a series of maneuvers; i

PoPIJ at Mach 20 and three flap maneuvers at Mach 21, 17, an,

14 as well as other aerodynamic maneuvers. The IIHA1,-' ST

program was used to determine the heating derivatives at ,ir.sf

key locations on the Orbiter. No problems were encourtvreki iii

estimating derivatives during the POPU at points on the )')

surface from the nose to X/L of .7. The upper sur-td::

derivatives also were determined tor ' h ')rhit,|il Ma-,-veiin,

System (OMS) pods. Problems cit. a poinL on the .,vrp; ,ii (,t

higher than anticipated heat iny at one point 011 t tI' )f.:, pn.

were encountered but were rso Ivt .1 h , HE:A'I':I ,t t .r ,II,

:* manipu]ation.

'7 ..



Problem and cope

". .The body flap data, the heating ettect. on it, and its

attect on the limits of the att Center ot Gravity (CG) ot th,,

Orbiter had not been tully reduced until this report. 'rht-

approach in reducing this data was to use HEAI:.ST as

previously accomplished for other Orbiter locations. Iiis

was done by estimation of the heating ana thermal parcimvt-t!

for various Mach number conditions during the timetrame wht-ii

the maneuvers were taking place. The prooram was run in

segments to identify heat estimates and determine their trends

throughout the entry. After these estimates and their error

bounds were determined, a similar procedure wds to be use oH

another body flap thermocouple to determine its etrects.

Then, by combining these results with results obtained on the

. elevon heating at the same time, an estimate ot the heatmn,j

limits of the elevon and body flap detlections cotlo ot

obtained. From these estimates a nomiri-i and maximum att C;

limit tor various angle of attack conditi,)ns during entry

could be produced. This could establish a baseline tor limits

(as now perceived) to the maximum crossranhe ot the orbitet

based on heating and thermal parameters.

This report describes the Space ,ht t IL orbittr boy

tlap and its TPS operations (luring entry. it .|s1 ,S x i,.n

the theory relevant to the bo(ly tlap (-,ilulatio;t , 1: 1 It.

HEA'FEST program. A detai led analysi'; (0 t 1 i'.

the flight test maneuvers conkducted th 's I dr ilk Lihc t- l ;n I ,it A

* .... heating on thte body flap thierm.)cuup e under btUkly i, I i..

Results obtained frum luiu:,, maneuivkrt. , l in .t -.1

S- .. . . . . . . ..... .
_

" "- , , , -." .
"

' - • • . . . ' .,



deviation of the basic pitching moment from pre-tlight STS~-i

2 estimates is also shown.

Finally, the results of the analysis of the heating and

thermal parameters is discussed as well as the problems/
encountered at this point in the analysis. Alternative

approaches and tinal results, conclutiions, ansi r'c~uiimiendatioiis

complete this report.



II. The Space Shuttle body Flau and TPSr_&tJQ

General nescription

The body tlap is an intregal part ot the Orbiter as suen

on Fig. 3. It consists of an aluminum structure, ribs,

spars, honeycomb, skin panels, and a trailing edge astseiaiby.

The main upper and lower forward honeycomb skin panels art

joined to the ribs, spars, and honeycomb trailing edge with

structural fasteners. The removable t.r torwara honeycOITb

skin panels complete the body tap structure. rhe body tIap

is covered with High Temperature Reuseable Surtace Insulation

(Hks[) and an articulating pressure and thernmal seal to its

torward cover area on the lower surtace ot the body flap to

block heat and air trom penetrating to the b-Lructure. The

*- body tlap detlects from the hinge line. Phy.-i.:<lly, th. body

tlap can deflect +22.5 degrees (downward) ano -11.7 doq t t t-

(upward) from the hinge line. However, the base ot t- t -itt

tuselage angles upward approximately 5.5 degrees in relIt i,mi

to the rest of the base so the angle the tlap delects is i,.i

the same as its deflection angle in relation to ttit. tL,,w

passing under the rest ot the Orbiter's bdSe.

body Flap Operation

The two primary tunct ions of the lmPiy r lap .1 ,

protect the Space Shuttle Main Engine's (,, -W-,) tit,, .wii

heating and to act in conjunction with the t .-,,, - is d!; I , I

ot gravity trim device. The orbiter is a ui pie vlti I,. ,

that it is the first manned Vt-11i1t7e to rtViitI'l IV i l Ili-

9
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like a glider. The angle ot attack during entry is aictated

*' by the mission requirements. The Orbiter was designed to ha ve

a 980 nautical mile cross-range maneuvering capability, since

DOD planned launches trom the Western Test Range at Vandenbery

AFB presently need this capability to fulfill their nominal

and Abort Once Around requirements, the Orbiter must enter at

an angle of attack of 36 to 38 degrees and roll angle ot 60

degrees. Later in the entry, to obtain more cross-ranue by

increasing the lift to drag ratio, the angle of attack is

reduced to as low as 26 degrees. Untortunately, this j.so

severely increases the heating at many locations including ttit

rlap. This is due to higher Reynold1's number and body t Ip

deflection at lower angle ot attack. The flap netlects more to
maintain trim at lower angles ot at-tack. The Reynolo's nurhr

increase is due to a higher velocity and density wit h the Iitt

coeticient rising faster than the drag coeticient at i lower

altitude in the flight corridor. 1Later in the ueitry a gradiadl

pitch down is initiated starting below Mdch H.

The elevons and body tlap dlso uist htII;.d togethor to

control the trim of the Orbiter during the entry period. Itk

nominal CG position is .667 trom the nose tip while Lht_ mwit

' att CG position is .675. The citt CG i£ncrm j:it:.s boly t I,%,
L'

deflection (SIp) and elevon detlectlior (Se) t, r t rim. It

therefore important to know the heat ing rates 0on th bu,y t Io;

and elevens at various (let lect i()ns r%, k1 ,t :rmine I

I% reuseable surface insulation on hoth can ,roto;ct thv.m tj 1 ,

reused.

::
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The TPS on the Body Flap

The Thermal Protection system (T-) On thv orbit ;r O .';

designed to protect the Orbiter and still be reuseablt rot jL

least one hundred missions. The TPS on the Orbiter coibi:it-s

primarily ot four types of materi:]s, edch designieu to

insulate the Orbiter's aluminum skin. The High Temperaturt

Reuseable Surface Insulation (I|RSI) is able to withstcidn

temperatures as high as 2600 I' for one mission cAnd bu

reuseable when not exposed to temperatures higher thati 2270 '.

The tile consists of amorphous borosilicate jlass. To prevcrnL

damage to the tragile tile, strips ot felt pi'ding ate , iSt

between the tiles and the orbiter's skin,. This s;t riii

* Isolation Pad (SIP) is bonded to both the tit[u and tht,- t)rbitl-r-

with a red, room-temperature vulcanizing (RTV) cement with ull

iron oxide base. Other strips ot padding called till,r [.-rs

are placed between each tile.

.9
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III, The HEATEST Prouram

Heating Model

A program named HEATEST (for HEAT ESTimating) was used

to reduce flight test data. A flow chart of HEATEST is

depicted in Fig. 4. HEATEST incorporates systems theory of

theoretical models in order to compute parameters that effect

the heating. The theory from scientific method has

established a linearly independent set of parameters. Due to

the number of these parameters, the systems theory in HEATEST

combines some of these variations in order to compute them

quickly. The variations are assumed to be linear derivatives

ot the heat rate. The heating ratio Q/Qref was assumed to be

Q/Qret = f(",O,J,R*) (1)

where Oref is the dimensionless reference heat rate on a one

foot diameter sphere given by

Qref = 17700ffV.,/0)0 (1-Hw/Ho) (2)

.25

hw .24[Qref/(0"c). (3)

ho - .24 TI+V,'A/50063 (4)

where the heating rate is in British Thermal 11nits (BTU's) per

toot squared per second, a- is the Stefan-Boltsman constant

(4.761x10" ), C is the emissivity, Y!. is the atmospheric

density in slugs per cubic foot, V, is the relative velocity

in teet .'r second, and T,, is the atmospheric temperature in

degrees Rankine.

13

.'". *,' . "- .. • "". ':: ' "". ". -"-



ow

PARAMETER ITERATION LOOP

(I " S J

T 0 T(t

P(t 0 ) MODELS KALMAN
0- -C n UPDATE T

T T6 (10) j-I

J= 0 To(t n) OUIPUIS

TRAJECTORY THERMOCOUPLE

ATMOSPHERE MEASUREMENTS
PRESSURE

Figure 4. Siotditied IIf tS'Ir F'low tlagru

14



7, : _7 77 - .2

This heating model and wind tunnel data at specific

Orbiter TPS points were used to calculate the simulator

heating rate ratio using linear interpolation roUtines tor

real-time processing of aerodynamic oata. For the HEATEST

data reduction program the heating ratio took the form

Q = Q/Qref - Qo + Q(o-o) + Q,(v- P.

+ QjS, (.- -48, ) + 044 (S- o

+ Q R. [log(Re)-loq(Re,)j

+ QM(M.- M..) (5)

where Qo is the magnitude at the reference conditions

specified by the variables with the zero subscripts. In the

body flap calculations the P terms and M terms were neglect-:d.

The subscripts on the heating ratio (Q) represent partidl

derivatives with respect to the variables ot angle ot attdck

(o), sideslip (0), the logarithm to the base ten ot the

Reynold's number (Re) based on its characteristic length,

elevon deflection angle (4e), body flap detlection angle (S#,),

"J and Mach number (M.).

These heating derivatives are essential in the

evaluation ot determining what tactors intluence the entry

heating at the flap. Another value of Qret could be

6 a/3
Oret - .332(To-Tw)Re"s 4.V.Cp/(778.3Pr ) (0)

which is based on Eckert theory for laminar rlow with no

deflection. Laminar flow is approprate tor most areas on the

* . . Orbiter. However, as will be later demonstrated, it is not

correct tor the flap and other regions whet tht turuu.,nt

4 P



equation for the deflection

-I-4

Oref - .0296(To-Tw)Re -'.,V,,Cp(Tw/To)/(778.3Pr )(P/PI) (7)

and the T* value is

T* T,+.5(Tw-T,)+.22(TR- Ta) (8)

is more representative of the heating. TR is assumed as .9'Io.

The change in the heat rate (AQ) trom the reterence

conditions is given by

AQ =0-0 (9)

where the magnitude of the reference condition is subtracted.

The assumption is made that for short time segments these

derivatives are constant and the lateral conduction in eAch

a _ tile is small.

Thermal model

The AFFTC simulator also employs a thermal model ot the

TPS tile to calculate the temperature at various locations

within the tile and its surroundings. A description ot this

model is shown in Fig. 5. The interior ot the tile is divided

into equal thickness and the entire structure ot difterent

materials is designated by blocks. Numerical solution ot the

resulting equations resulted in an accurate simulation 't

surface and bondline temperatures at specific location.. I1II

honeycomb also is included in this analysis. There are tw,)

face sheets on the honeyccnb with vecy little alumilnum ill

between so that there is rddiative heat Lranstet caused L-y Lk

£6
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different temperatures between the two sheets. It it is

assumed that there is no material present, then in it is only

the radiation between the two node points or

(I-A)Cr(T, -T..) (10)

where A is area per unit area aluminum between the tacesheets.

In the tile, node points are spaced equally into smalL

elements of length AX for a total o i, node points. Each

block has four equally spaced nodes. Each block represents a

different material with different properties. Although

thermocouples can be placed at various node points in each

block, for our purposes the only thermocouple is located at

the second node (i-2) which is AXa from the surtace. rhe

convective heat rate (Q) input at node 1 has most of the heat

*3 . radiated away and conducts a small amount to node 2 and t.lw

rest of the tile. Block C is bonded to the tile by 1<TV

adhesive to the SIP which is also attxched to the honeycomb

face sheet by RTV.

An ordinary differential equation for the temperature

(Ti) at the ith node point was obtained from an energy balance

tor each element. A system of L nonlinear differential

equations results (Ret 1).

The energy balances for each element are summed toyjethut

to form the heat transfer equations (Ref 4)

i-l (CA /AAXA/ 2 )T -KA/ X T +KA/AX1' (1I)

-r(T, -T + )+(oc,,S ,Re) Qre t

18



Si=2 (CAIAA&XA/ 2 + C,4AXa/2)'ia= KA/AXAT 2  (12)

-(KA/AXA + KA/AXA)T2 + K#/AXa

i Cjo(AX., +,&Xi)/2T, - KI/,Xi.1  TI ( )

-(KS/AXi-+ Kg/AXi)T, + KO/AXi Ti-,

i-L-2 (Ce.4AXL. 3 /2 + CCfcrAXc/2)'i. - Kc/ AXcTL j  (14)

-(Ke/,XL.3 + Kc/AXc)TL. 2 + Kc/AXcT

i-L-1 (CS,, V,,AXSOP/2 + CNTrV-?tyVAXRgv (lL)

.+C *M,' X"cA./2) ) .-

=Ko/(Xc)TLa -(KD +K0 )TL +KTL
-- : q

+GCCr( [T,,+4601 -[TL, +4 6 U )(1-A)

i=L (CHC ,*c AX FACE +CHc*cNA X,¢/2 (1b)

C-. ,.r((T +4 60)4-(TO+460) 4)-HF(T +460-TI,)+K 0 TL.

-KDTL +C- ,ri(TL+4 6 0) -(TL. +460) (1-A)l

The thermal conductivity (K) is a function ot temperature dnd

local pressure. The conductivity is evaluated at an averajs

temperature between the nodes. The specitic heat (C) is also

dependent on the temperature at the node point. The aot

represents the time rate of change of the temperature (Ti) at

each node with a distance (AXi) between each node and is

approximated by a first order backward difterence.

It the surface conditions can be spe-itied, i.e. the

thermal emissivity (C), the coating thickness (AXa), iiiu like

aerodynamic heating rate t(oc,P,S,Re), the temperature tiarowlt,

the tile can be calculated by solving the system of Ot , 1, u

ii"9



-V. differential equations. The specific heat and density ( a1 are

-a assumed to be known from the design but emissivity can vary

7::. from .75 to .92 and the thermal condu tivity (a tunction of

tile pressure) is variable with flight pressures inside the

tile in doubt (Ref 1 and 4). Using a stochastic estimation

process the unknown parameters are found from systems

identification theory.

All temperatures at each node through the TPS are not

measured in the previous described model because thermocoupl,;s

are not located at each node point. Thus an intermediate btkp)

uses an extended Kalman filter to estimate all noue

temperatures whenever a thermocouple sample was available.

This was based on the thermocouple measurement and heatitij,

thermal, and error models. This filter also tiltered out

noise. The parameters were then updated by a grtdi,,t

.'- algorithim to maximize a maximum likelihood tunction tor erz

parameter. one or several of these parameters were estimteid

over a planned time segment. Thus, it the segmnent is very

long, a nonlinearity in these parameters over thte entire ent,-

can occur. Parameters are used to update the simulator iio

therefore data is enhanced by flight data.

Use of the RC Circuit Analogy and Time Constant in HEA'rtil

one method of approximation of the initial temperdtire

Ti is based on an empirically determined RC time constant ,ino:

on the radiation equilibrium assumption. The circuit arih,.,y

is used to compute an equilibrium temperature (Teq) ot

Teq(tn) - gT,(tn)-(-1)T,(tn-i) H1)

•. . . , .



where g = 1/[l-exp(-At/RC] (La)

anO the RC time constant value can be equated to the lump

parameter

RC - CpAXa/K (19)

This varies with the location in the TPS. In the codting R;

is about 1/4 second while empirically RC for the tile is ab,,ut

3 seconds. The equilibrium temperatre works well in t.t,-

program when you take 0 and assume equilibrium. The techniqu

of using the RC analogy is very crude and, when tirst derived,

was not intended for use in tlight data correlation. In this

report it is being used in HEATEST as an approximate method ot

obtaining initial conditions, establishing trends, and quick

turnarounds.

In this approximation program, conduction ettects are

approximated by the RC circuit analogy. It the temperdtrre

changes, the RC approximation amplifies the heating value but

is within reasonable accuracy. The RC approximation amplities

spikes (noise caused by the 8 bit words) anoI only

approximates transients such as angle ot attack ettects wfwtfl

using RC-l. rhe RC network analogy is explained in Appenklix

'2..

12



IV. Fliht Test Maneuvers

To expand the Orbiter's envelope and remove placards,

flight test maneuvers were planned for STS-2 and 4. The AFrrC

used a systems approach to the envelope expansion. The

placards related to the body flap included heating ot the tldp

and elevons at various Mach numbers and angles of attack,

elevator and body flap etfectiveness, veritication ot the

basic pitching moment curve (Cmo), and lift to drag ratio in

the hypersonic regime.

To do this a POPU maneuver from 45 to 35 degrees dnyle

of attack was planned on STS-2 at Mach 20 and three body t Lap

sweeps at Mach 21, 18, and 14. STS-4 planned a PUPO maneuver

* at Mach 14 and at Mach 8. The flap was cycled through sweeps

trom 17.1 to 7 degrees positive (downward) detlection.

Performance of aneuvers oin_ST-2 L4.

The entry profiles ot STS-2 and 4 occured as planned.

Thermocouple data was recorded on board and telemetry sent in

real-time when in view of a station. Unfortunately, critical

data was lost on STS-4 when the recorder tailui ldnd redI-ti i n

data was not acquired until after most ot the high micti

heating. Data trom the body tlap thermocouple used in t hti.

data reduction tor this report is shown in Fig. 6. 'i'he I:S-

and 4 thermocouple data at the same location is also shown I.,,

comparison. The elevon scheoule tor the ti rSt tout figtsi, iw"

.-" ~has been Se=-l, 1, 3, and 5 kirtues respekily ely with u u=,, ,

22
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expanding high Mach number. At the same point the 4er has

been 16, 14, 12, and 4 degrees respectively. Wily the STS-2

data is complete enough to do a thorough analysis. The tiap

and elevon time histories during the STS-2 maneuvers ,are

displayed in Fig. 7. A table of STS-2 maneuver events is

shown in Table 1. The heating at the body tlap thermocouple

location shown indicated a significant increase in temperature

over that anticipated. It should be noted that this was not

the only location where anticipated thermocouple temperatures

varied from actual results. Some locations displayed

significantly lower temperatures.

The Orbiter flight control software tloic contains a

body flap-elevator interconnect which is intended to maintain

the elevator on a preplanned schedule as a tuLiction ot Mach

number. On all tour test flights it automatically trimmed the

body tlap at an angle much higher than anticipated. it was

concluded that the error was in the basic pitching curve C'mO.

This information was reduced (Ret 5) to a series of cutves is

shown in Fig. 8 and 9 comparing the maximum elevon p)ositlv

deflection (in order to retain its other requirement ot eritig

pitch control) and body tlap position for various Mach nuinbec,,

and angles of attack at nominal and maximum atL CG pOsitiOunS.

This data indicates that it is important to know the therm i.

limitations on the tlap and elevons to determine it wi.ss,,,

requirements can be met. Other data obtaineu concluin, t ,hi,

the body tlap and elevon effectiveness as well as hy1,ut,,ti,-

lift-to drag ratio were the same as predicted (Hut 5).

24
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Table I STS-2 Flight Test Maneuver Key Events

EVENT MISSION TIME ANGLE LOG Re THERMOCOUPLE
TIME FROM OF TEMPERAIJ1R
(SEC OF K [ AT'rACK (1DEGR SE i)

UMT) (SEC) (DEG)

Entry 75037 00. 41.05 2.365 117
I nter face

ist Flap 75742 705. 39.86 6.089 1844
Sweep (+)

Negative 75786 749. 38.32 6.146 2054
Detlection

End Sweep 75812 775. 38.12 k,.146 1713

POPU (PO) 75830 793. 38.91 b.166 2013

Minimum 75845 808. 34.59 6.178 1992

POPU (PU) 75846 809. 34.59 6.179 1992

Maximum 75865 828. 45.59 6.200 2197

End POPU 75887 850. 38.58 6.220 2065

2nd Flap 75994 957. 40.21 6.375 2197
Sweep (+)

Max. + 75996 959. 39.59 6.38 222b
Detlection

Negative 75997 960. 39.60 6.382 225u
Det lection

Peak 75998 961. 39.40 6.383 227u
Heating
Maximum 76008 970. 41.41 6.395 223t

- Detlection

End Sweep 76015 978. 41.00 6.401 2126

3rd Flap 76128 luql. 39.81 6.(,8 21 3,'
Sweep

Max. + 76138 1101. 18.93 b .61,
bet lect ion

Max. - 76172 1135. 39.60 6.731 2,_?
Detlect ion

End Sweep 76181 ll4j. 38.26 6.735 P,7!

l '[ " '' ':' -_' • .,.[ .[ i'. ... ', .. . i . " - "• '• . ..
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id:-:The fixed body flap during the POPU made it possible to

identity the Q, and Qo using HEATEST it the QR derivative is

known. Other selected parameters can be expressed to be

Qo,Qx,Q Q, Q, 'o Xa (21

LOG He

where AXa is the effective thermocouple depth or coat in

thickness. The goal of the data reduction program in H;A'[.S'I

is to obtain best estimates ot these :jineters duriny Lht

maneuver.

.°



Initial Computer Rung and Analysi

The STS-2 flight thermocouple data tor the location on

the body tlap shown earlier was input into the HEATI ST

program. Also input was a Best-Estimated-Trajectory (BET) dnd

atmosphere from NASA Langley Research Center tor reducirig

"model error" caused by bias in the heatin.j rat isi troum

atmospheric density error. A problem of time skews in tl,

data for other points was not apparent in the flight datd

input at this location. There was howaver some drop outs ot

the body flap deflection angle data during one body tlap swup

that had been "tilled in" prior to its use with this study.

both of the earlier described errors can produce errors in

1IHEATEST estimates which cannot be identified by HEATEST as

such. The procedure developed for running the program was to

take the entry data and to break up the computer runs into

segments. Each segment covered a particular region ,)t the

K-: entry where a maneuver was occuring. Thesu segmunts w,.t-

turther broken down into smaller time segments. For exctinpl!,

a run called HEAT 3 was computed between STS-2 times ot 77'YI

and 75811 seconds GMT, a seyment after entry interface (I a ,iu

400,000 tt. altitude. This is where the tirst body tlj, sw,.,

took place. This was further segmented in attempt- t) Ysv,

HEATEST estimate individual parameters and uncertainLy t,,.

These best estimate derivatives or slopes were then w:it., 1,

-lat,.-r time ;ej ments to determinc it the modl wouLa "ua t 'h,"

the variations in tempraturt..

S30
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From experience gained by others (Ret 6), derivatives

which had the greatest impact were 0 e Qo, Q,, QS, and
LOG Re

the smallest QA,. The coating thickness (AXa) was initially

assumed to be .002 feet and later confirmed. For most runs,

the temperature was calculated to obtain an approximatv

initial condition ot the surtace te .eruature using an RC

circuit analogy. A best guess of all derivatives at an initial

time segment was also made to improve initial conditions. The

next segment of time was taken ideally when only one of the

heating parameters (c,40l,ore) was changing. At this point

the program was directed to allow the derivative of the

changing parameter to "float" to a new valuo estimated by tet

program. This value was then "locked up" or tixed during the

next time segment in order to establish the parameter values

: in that region. As this was taking p,'ace the Kalman titer

was establishing a new surtace temperature based on its

updated model parameters. It the parameters were correct, th,.

apriori and aposterori temperatures would match the variations

in the tlight thermocouple temperature each second within m,,;

uncertainty of approximately ten degrees, which Is t ht

accuracy ot the 8-bit word measurement resoLution. ALthoughJI

* the Se parameter is signiticant at other Orbiter tlap locat on

near the centerline, i ts value here is very Sma I I aici wa:.,

given a small tixed value during most runs. It was aV() ,ii

in an attempt to prevent trading ot its Vdlue With I,,tlw

parameters. Otherwise, with the continued variation oft th.

elevon during entry, the Qhe would have been req(uirko 1 r I,

"tloating" through most ot tLhe raneuver times studied.

i 1



Using the previous technique was t or most cases

unsuccessful. The temperatures would drift as more su,jmunt:

were taken within each run and a good match tor a lonj timc-

segment was never truly established. Trading of derivative

values such as 0o and Q, or Of, and Q., would occur it more

than one derivative was being estimated at the same tilime.

Since both parameters may be changing at the same time tnhe

both would require estimating. it the values derived trom thu

program were the correct ones the trading may still occur.

Examples of the parameter values obtained and thet,;

uncertainty bound during ditferent portions ot the entry are

shown in Fig. 10. The first graph, depicting a search tor thv

right QO derivative, were all taken at various portions ot thv

POPU. The second graph depicts a search tor the proper )

derivative and were all (except the 13 degree run) done durinyj

the three body flap sweeps. The third chart again looks tot

the right Q,, during various portions in the entry. Norina .IY

values with large error bounds are not used.

The results of the attempts to calculate angle ot attck.

and body flap deflection ettects are not conclusive but: t h, 's

- with a small error bound appear to have approximately the .-,iame

values which may indicate that these are the correct par.Ainetvz

values. Only the trend in the change ot these values (it ',uy

do change) during the entry may be all that is required t, ,,

once HEA'rRSr can be successfully run through the maneuv ,.

It was assumed at this point thaw t • problem was uck -ie

by one or two items; the Reynoldh's nulni-,r derivativo and/or si

"* nonlinearity in the other (ItV.vtiveS, or r]dj flow etttct-,.



... "- -". .- , -"."- -.-.-- -" "." - . """ - - ." . . . . . . . .. . . .. . . . .

.;6

:'".o15 11

.010ij

.005 1
o * * II

3.4 1 6 ~
34 35 34, 37 39 3 9 40 4 ql J

" ESTIMATS FROM ERROR
S:Oqf NEATEST

*IsI

17 77

.0

5.25 5 5.75' to.0 4. 25 4.S 4 75 7.0
LOG Re

.01T1

.o.4

.4 PONU

5,2 55 S5.15 0 4. . 5 ,.5 t .75 7.0
LOG R

Figure Lu * r)er iva1t i yes anid : rror* Hounds r wtIIIAl

,o" ..



The Reynold's number derivative is unique in that t low

transition causes a rapid increase in its generally small

value and then decreases rapidly when fully turbulent. This

effect can also cause difficulty in interpreting the rusullt

if the transition occurs during the maneuver. It interpreted

*correctly it indicates sensitivity to transition in one ot tti.

variables, particularly it the flow returns to a laminar

state. Such a condition occured on STS-4 on the lower surtace

centerline. The assumed Reynold's number effect could also be

a Mach number effect and real gas effect but the two cannot be

separated during a given flight other than by theory. !'he

Mach number eftect could also be pulled out in lieu of I<t.

The Reynold's number changes so slowly that the only way to

accurately determine its value is to run the program tor as

long as possible (over 100 seconds is best) with no other

changes taking place in the region. U toi-tuately, the region

in question is very dynamic and the program as established

could not distinguish Reynold's number, Qo, and Q, ettects so

the slope could not be obtained. When the Reynold's number

runs were made these too would not converge except at one

point in'the entry. This sing,, point was not. sutticient to

establish a trend. Figure 11 depicts the Q R verse I.ou t,#-

results obtained. Although the error bounds appear .m,.i!l it

must be remembered that derivatives are trading vali,.*,

resulting in a small error band tor an incorrect valiUQ.

14



L.3

I"

xESTIMATr FROM~k NEATEST

IERROR OUNDAS

LOG Re
.39

r0

..

5'.2 S.S 5.75 (., C 4.25 4.5 .75 7.6

LOG Re

Figure I I-V ! I
- ." - .-. -. - . -5.7-5" H 0e, a A,.5' ,



Comparison of Heating Models

- ' Two methods of removing nonlinearity etfects are to

change time segments in HEATEST or change the model. Many

time segments were tested without success. In systems

identification theory model error is a major concerin and

problem (Ret 1). Since the model had worked with very litt-Le

difficulty in other Orbiter regions it was surprising atid

disturbing that it occured at this point. The only option at

this point was to investigate other more complex models bas;eo

on more complex theories and compare them. In comparing th;-s

theories it was not the intent to say they were totally

accurate and therefore could be used in predicting. The main

objective was to use various theories to see it they aytetc

with the flight data in magnitude, slope, or linearity.

In first plotting the tliyht. con: t ,:o Q/Qref versus Lyu

Re, obtained by only estimating Qo in HEATrEST with assumed

value of Q., and 04OF , the Reynold's analogy theory was

compared for laminar and turbulent [low. This is shown in

Fig. 12. Hand calculations Luvealed that the ttirbulent tlow

more closely matched the flight data. Since the theory in the

turbulent case uses Re* an axis change ot /.e st P#

revealed a more linear slope. Calculations ot thesu r,.stIt

and others are in Appenoix A.

Calculations using the normal shotk tables and kuynulil'.

Analogy as Rockwell established in their data book (lr i)

were also compared. Ihese values did not match in inai~iii t lh.

or slope. In tire reuion ot inttret;t, thi'u m.ijni tudu w. ti

high at the start and too low it the end.

.t
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In another approach, it is considered we empirically

know that down the centerline of the Orbiter prior to ftie

boattail expansion that the tlow is approximately Machi .3 (1<el

6). The stagnation and after the shock tempercitures ccin be

*.evaluated. From these values, the conditions at the 'leap ad

*more accurate values of viscosity, Reynold's number, anii'

Q/Oret can be calculated. The flap angle can be tixed vursvs

changes in time and Re 8  At a given Re' the tlap caii hu,

changed in detlection angle and Q/Oret changes due to tkis

deflection can be determined. The minor changes in the an(It!

ot attack are assumed to be linear and the elevon chdnoes di t

not significant at this point on the flap. The calculated

results again did not match in slope but were close tU thIi

tlight data in magnitude.

It was stated in a recent AIAA paper (Ret 8) that

Newtonian flow analysis could be used for the lower SUrfdct of

the Orbiter in this hypersonic regime. Calculations using thi-,

approach concentrated on determining the specific heat at. highi

Mach numbers (Ref 9) and low density-. TIhe flap angle, weak

shock expansion, and shock tables detfccmined the iownstreim

Mach number, density, velocity, Reynold's number, ano

viscosity. When calculating trom these vaLues, Q)/Qret tor <e'

va lues were niot close i n s loet t ihe fIightkt (Ia to. Ho'.we vUr

t he magn itule ot va Iues was cle k),i thu tIi g tit t t,-u I .IL

was observed, in this dna Lysits anii tht- pi-i)i atVI :(015 k

cdlculations, that variations in body flp at ai 'Iiv%2 rl

number ana angle ot attack did not change -iignit ic.init !y th

Q/Qret value,,. The Newtoniin analysis how-..vur rv,11 i



the changes in angle of attack did significantly intluence

the slope of the Q/Qref values.

A fifth approach was to consider the Eckert tlat plcit.t

formulas (Ret 10) used in the program to calculate the heatin,j

ratio 0/Oret but now adding the downstream conditions und the

deflection angle terms. Using the tutruulent flow equation

and plotting the resulting Q/Qref values verses Re for the

same entry conditions as previous calculations resulted in a

series of points slightly higher than the tliglht (ldta at the

beginning, crossing the flight values durin U the first body

tlap sweep and POPU maneuvers, then leveling ot at valuuis

below the flight data later in the entry.

The sixth approach was to consider another mooel that

would use the approximate downstream conditions in ccilculaLII ii

the heat rate and remove the intluence of Reynold's riumtibs

completely from the problem. by knowing that the Q valuu it,

the Newtonian and Reynold's analogy is a function of Stanton

number and enthalpy, as well as the Reynold's numbe.r mud

distance from the stagnation point, the Oret equation can bte

rearranged to be a function only of the downstream density,

velocity, and enthalpy with the distance and St ,iton numtiti

constant (Ret I). Enthalpy could be and was C ICUlad . siit

the treestream velocity or the specitic heat dnd st.tinit1,:

ttmperature tor the input conditions used Ireviou:; i .t

results were encouragiin.j. Compared with th I., k Lt.-

approaches and flight datc., t.he results tol. lowed In

agreement with the flight (1,iti through the t rst tw,, ,..,V

anO its majrl ttlde matclie:,1 th- I ijht (-tia Q/y)rer (it t,, 1 &



body flap sweep. It must be remembered that the t Lp

detlection tor these calculations is considered constrnt and

therefore no body flap sweeps are input into thu cal.culartions.

The seventh and tinal- method to be examined was ir

approach used by NASA in their analysis of the heating, the

Spalding and Chi technique (Ref 12). This method tinds thv

value of the skin friction coeticient, Ct. To use tt, )

technique, the flap conditions were assumed to be as thuv, wcrt,

in the weak shock calculations. Assuming that the tlap priot

to the weak shock experiences a tree stream Mach number ot -,

the edge condition experienced by the tlap becomes Ma=1.2 7 tor

a tlap detlection ot +7 degrees. The procedure described in

the reference was pertormed tor the seven entry jpoint-s

previously used. The result was an almost linear reduction of

the Ct value trom .99 to .80 from that ot the approximation ot

.006 used in the Stanton nuinber-Enthalpy calculations. Whel,

this value was applied to those calciWL'" 1 ions, the resultiIl-

-/Oret magnitude was almost identical to the tlight data

before, during, and through the POPU maneuver. However,

because the flap detlectiuns were niot considered, the

resulting values did not retlect a chanile during the two booy

tlap sweeps.

Figure 13 graphically comp tres a l I , ff t ITile I,.cth ';. 'l'!.

Reynold's ana logy, Eckert, arid ErnthaIpy-Stanrton nuint)or v1,l,,:,

with and without the Spalding.i dn Chi ct values (.I i, ,

closely compared with the t I tght date in Fig. 14. 1 i.I1.

displays the wind tunnl dta, tlhe NASA sirmpliti,:d 1i..t ,

mookli I arid tie weak shock rttii.l t.s usillg M "= 1 prior tl, If,.



* o41441j TRENO

oca31
TREND~ FL IGH r DATA

c-j~~ g 1YN8OL '4ANALor.Y -L Ah IAA

*~ RE 0 YNOLD'S ANAL ogy - TVADG'LAr'

A NEOtJAL $SEoCk

5. 0 WEAK SMOCK( M13 9$Fr#./

'I" 4 ~WEAK SM4OCK I-3 CH*N6/N6 .r
0 NIEWTONJIAW~ Sltr47a

TRENO 4% "E*WTOIJIAJ CNANG.IrC I.
A, C CkFI?T -TuRULI(

0 STANITON NUMP4ER - rPN7H4LPY

0 srANT'ON #
E t.THALP(
WITN C# of
SPALDIAS
AMU Cml 3-

(jf

* ,e-A

A- -

Cf

Qp)*- 4--U-ItUICI t 11

(', j iCto



U)

044

CL>

-j-

tA- ~ ~ kAJ (

:I:~kij

__lot*

4-j ou 'l



0 0en -- -- 44

U- - N

Ll"

44 CA

,'--"4 *I

,I 

r I

_a CIA A

.1

"°-

wv-, tc I

iro

,, . . . . , ,,

6 J ~~



The Enthalpy-Stanton number approximation combinted w I Ik

the Spalding and Chi Ct Values appears to be closest to iiik

tlighit data but would be extremely diff ICUlt to U-.se III t.1

HIEATEST program. The primaty oif~t iculty is iii oIet~eE-ii iiit tiit

down~trean conditions accurate ly at Lte t lap. This i ,

true ot the other approaches attempted except lwrj t lit:

keyiiold's analogy and the E~ckert equation not usiiiiJ w

detlection correction tactor ano the temperature ratio f&'*/ I,.

it is obvious that the weak shock and Newtonian tiow ary~..

have a similar problem. PlJacing the new Ct values liti''.

Newtonian and Weak shock calculations made no signit.c.ii

criarije in their lack ot accuracy compared to the tli-yht l,,

invalid assumptions made or calculations perforineo i I it ki

Lte downstream R~eynold1's Inmber in the weak shock ca heul 1 1 4,1

and the magnitudte ot the Q/Ortef in the Newtonian andlysi.

Tn the calculations tor the downstream conditionis !a,_vkcr(

assumptions mnust be made. Virst, that the treestruain 1,

past the expansion at the boattailI reaching tile f Iilp -

approximatel1y Mach 3. secondc, that tthe -w is niot, (Ietdchet- ()r

reattaching prioir to ruachsii n the fliap; an .issunt)ion iii

question w hen t low is a nilyzt-ed rt photos at. t htes Macht

numnbers. TIhird, that tilt!- , ,w coritl1it ioi -it ile po)i lit dul

times in question are allt in inc it .aie turfhu lett I 1loW. 'Ilk(v

t low may transition back ito I i it vlnl nn i:cit u'

conditions such as dnij!e oft attmck, dcl e i*i

keynold's number. All thes± fdect irs comp ici Ctt-d 1t h:.1

wi le si ik) ~ uoj I t:i-ol y I t 1 ' u a- eugtvl li Ii., a

m c ,le I in H1!A'II.S'1' Lo. kaie-t . Iit) I tit: lit-, r vsu I anI)t- hi. it I i



in using the Stanton Number-E'nthalpy analysis in elitninati iwkj

dependence on Reynold's number it produces the equation

(. St/..VeHs S t(7t.v,/2)((Ya/ )* Va/V.") (2 (?

where ,' and V are the downstream,, dens- ' - rid velocity and /

and V,, are the treestream denhity and v,.ocity. Assuntinj ttit

the Stanton number changes are ilns tgni t i cknt, t Ih is piO(diiCes

and theretore

S S4(V.,./2) t~oJF 2

or rearranging

3Q/St ,(V./2) t(-, (.) - 0/Oret

where the new !)ret co)ud be

Qret = St/,,lVJ./2 ) - (Cr/2)/,(V. /2) (-,)

Using Spalding and Chi conditions, St and Ct are tix".0 ,it 'I

given reterence value ( ,f. The j to put. inho the !l'.,"l.c
iroqram COU.d now be tl is rbcw C- frlenratd by t Iis mk t ttt -

= t( , ) toG t.( -,) + t.,( Sb. - Ji,, .

or ( -Q() + (. - .c) y Sol-J~).

o our hdsiC HNA'"EST equat ic'i. rht 4itr iCu ty is we rei '.,.'

know the Mo i t low 1:.fl, t Ic,- , bIr I) ttt, t l,, , ,

* +,,,



using the freestream condi 1 ions whicli may riot IZe the same.

However, it was demonstrate, earIetar at least f or the reJiOn

ot interest these conditions ciiihi,,zec w ith thi itit..i , , ltotlU etl

-ood results.

inL4ut ot Models into HEATEs'T

Returning to the reason tor running thlese fiodo:. ,

HEA'TEST program took the heat rate as

0= Q/Oref Oo+Ret(l+R I

where the program uses Uret <s the stagnat: ion condition ,ii,

Ret(1) is zero. It was assumed the QS, derivativte w,:'

insignificant. At the point in the entry where thu fli.,jht

test maneuvers took place, (iEATEST was repeatedlty ruit ii m

attempt to tind Q, and QO ,, by taking Oo.,R thdI was ds , t,,w.l t,,

correspond to that and ReynoJd's number. Whtui the O) .ml ii,"

derivatives and Qo magnitude could not converge on a value f,,,

any length ot time, the O#, derivative was attemtptek, to ,

tound over a long tine period only to discover the ,l ,

this derivative was riot. linear. So the approach was t,,ken i.,

try to eliminate or minimize the O , ettect.. l is is .)ti. t

the three derivatives varyiny with time, the others l ,- mj' ,

and 0.. by eliminating thes,,i t.wo by subt racting, the uliT :It ,

be (letermined since it is a m,,iw, to h- only a tml(tir ,or ,

.,, and Reynoldls number. !he c?()nditions trequireo t) .

relate to tit# mainitiitI!t, s o JI) f, C1114 001 ret!C t Iu1rit'' 11

Svar i t i on I "I i near -t li tI-I t t t " t ll da I rt i r
I.

F .. mc
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this Reynold's number effect is established, mode L: i, t .

SH'EATEST can be modified and then othiir heating dvriv.it iv,1.

estimated during the maneuvers. It ii desire(d then t.. ,

the Qi, derivative back into the prograin as a tuneClI 'i_,i,

variation that would make it. Linear, a heating refcreiw ,

variable such as 0 Eckert that Could make it linear, )r ,

reference value that would completely eliminate the IReynolo'bi

number derivative such as in equation (25).

By assuming we know Oo, 0., and C , , th..n , i,

derivatives can be tound by solving (when ustrij ! ,*

iRe* Q (Re .e V
He (He -!Re 0  ) = 0-Oo-Q .- ' ,)

The program can evaluate 0 using any reference we wish. When

this is plotted verses a Re number that produces aI 'i,,.

slope the result should be a nearly straight line with -;a,.

bias or magnitude. A AQ which equals

47 -'~o U 6 - ( So,- =~ (Cio+Re term) (~

it (low placed in the HI;AT''[S' pro rdin [Lor hf latoM s SeCULOe 1 1t 1,i 1

tI in segments or approximate ly rive secont.1s duritiron 3.- .1,,

JS-, LIm'nigj that. the Re t. erm, Wds zero, r.sLi l b tA, iii o in w , ,'

sloping line re!)resent ind the (P'o ild(Initl(lC arl(1 the e I , , ,

a specitic ret-rerclo co ond (o,. lhii; tho c k andrl , , .

removed letvi nj the i? et ts,-ct *.atit Qt) hil I **

computer always $Jbt, ai ; fh. ;1. ) li ll ,i1i 0: cii c ;l [It . I

exc plit in vtin ~ ' r Xt.r -If , . ,, ,, I *,' " c. . . i st( .e

ccnii(ered. i t le r ,tot . I



be determined the result would be a straight line ()i lttO'r

- slope parallel with the Re number axis , ettect eLiminated)

with a constant magnitude ,t QO. It the Inatijlitudt-e were

also subtracted out, the line wo)uld be at zero. ThI IIs result

is our goal, accomplished by i'h.-tnjintj the X axis Re iguitb.!I

value. It the slope is not zero but reduces the . 1l it, o t i,-

Reynold's number effect, then it is .st i tl hulptjtuL in out

analysis because it can then be assumedt that Q ,

essentially constant over the short time segment in th,- ,:nti/

where a maneuver is executed. All of those results ASSs00:

that you have the correct 0 and t. subtract out. 1 1,iuI

, may be input as tunctions of Re when maneuvurs ore

available at various Mach numbers. It the "pertect" utootlel '.

tound the 03€ may be eliminat.ud.

:From the previous analysis of the models, the orw.

showing the most promise to be used in this approach wt.rtt ,

Stanton Number-Enthalpy results Using Spal ding arid ('hi ,t,I U,:

Eckert flat )late modelI tor turbulent tlow. Ilow vut , titl,

technique was tirst used to observe it the U/Qrut stci,,.dt. ll,

model could be used. As c ftirst attempt at anaLyzi ijo lih.

derivatives and there ettect-s on the slope ot this i,.i ,t

'--",d.l, the IC circIit- . I (l y was used tor pl(t t i , ('.i11 .. 1
"" .1, th Rc ci c i ci_

stagnation verses Re . 'i'e rest l t ot "tUrni nl (i

te1 rivatives it was hopedi w,)it ( r-esult i i e,ch rt-'-i,/ i.,

heat in eftects t hey creit e r li tI' removt tiht st'pe: ,' ,

"derivative i ii the mode!. t a 1.1 the dute V ct1 V1V1 V ,' 1' .i

wo o I)roflitio a nw A@.) w It 1r d I a 11t ,



7 7 7% .

Figure 16 displays the AQ stagnation vvrses Re using the RC

approximation. The result intlicates that the slope ot thu

line with all derivatives iriltit 'showiij heat ing ettects trt,.i

no sources) changes at least Tih'is l iltu is comtpared to

the line generated from the h,,d trig mo(dLel t erence with the

derivative OSSF removed to inclolde body t lap #,!rttcts. A I I:

comparison indicates, during the tirst and second t Lap sw,-o,

the tlap effect is signiticantly renuced but not Itoa IIy.

Also evident is that the slope during the third sweep chant'pm,

in the opposite direction. This indicates that the t !.ii

derivative removed may be too high. The lower mag. itui1e ,)r

the heating in the line produce(i with Q6,, is due to the chai ,j,

in the body flap position between the Re of- .55E5 ano 1.,,:

from 14.9 to 13.3. Likewise, it the Q derivative wetr.-

- .. removed here, the cK being sl.ightly higher (exctuiin,. rl-,.

maneuvers) would produce a shift in the magniti(le positiv,-IN,.

The Eckert model was studied in a similar approact, fit

compari son. P igure 17 compares the AQ Eckert versi-s 1<.

with no heating ettects and with the QheF derivative re,,Ovt-l.2.

The discontinuity is inure apparent in this case. The hi,,y

tiap derivative removes most ot the tap ettects and ctia,,,.,.

the slope or the function in the same manner as it diii in Ili

stagnation model.

The use of the 1 ana bjy produces noisy and pO,-; 1

inaccurate resul ts. !." l,, :fit.- the Inofl oil caln or U.i,,

used in HEATEST, the s.t,,,intt ion and Eckert mloiel., Wer Q ', .,

into t.he pri),iram w i t. I I di( f !,wt. Ii (I '* I f t ' ti ii '

*." rhe purpose in this w :v, io ,,. t thl.e Q/Qrer I.:Ck1 : I , .

i 2, ,h
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If it was, it could be put back in to HEATEST as a varldbt. oi;

Oescribed earlier. To input this into HEA'rEST the initil

conditions were established at the start of the Re P value or

interest. HEAT[EST was allowed to run tor increments Ot rivt

Seconds each generating a O/Qret Eckert value f r ,f. ,ti

segment. This was done to eliminate noise and genurate a

slope from the combination of t iv e -t.,. "steps". The plot ot

this run and a similar one done for Q/Qret stajination are

shown together in Fig. 18. The results indicate dgain Lhat

the Eckert has a larger magnitude and slope couipdred to th

stagnation model. Time did not permit the insertion of tht!

heating derivatives to cont-irm the preliminary conic[usiuiis;

drawn from the RC analogy.

Time aid not permit the input ot the Stanton Nu,,htr-

, . Enthalpy mocdel with the Spalding and Chi ('l valutt'i iiitf.

IEATEST. It it were used, the same O/(ret tor its miLoe W',,

have been pertormed. It the results contirm the calrn Kit i,.,

performed, this model for Q/Qret, when calculatea v.LSi*s, ,

would produce a curve thial wiuld liminate , eitec.; .Inid

possibly 0. effects. Thus the flight data would oidtch t he

model for the maneuvers with the exception ot changes it )t"Oy

tlap. It they were lheld t ixed, then the i od v I h o; Ii ,

would produce an upward sJot)i#I curve. 'li,; -utvt ,,l ,

simi lar in aippearance t, ,4 fiut. m tt, ..5 shown ii i il. I

r{clctlations inoicate it W,),mi !,#. imuch more I in .ir.

wolid essential ly tbe tf)r (i -.)iist, tit.



I,

____ A., 

A I
- 1.

I [

C, 
. I -~

(.)

~.! ~ cV!~ I'
U

K

/ ,,~ 'I..

I A.l

~ PnpcJ
I , ~I.f IA ~ r '1

,a'~ ~'ee, STACNA'TOAI 
(U

k~bJ

F .'r
...'z. A P

R. ~k -~

'I ~

- -. -. .. -. -. . *. -



From AQ, a SOF value can be input to produce the tuncti n

0 - o/oretL.. . - O (oC-o )-OA.. ( C- n'.1 ( ,2)

From the above equation the derivatives OBF , Q ,rw t11 ,

magnitude Oo would all be established and, it (lone cotrt,-t I y,

should produce a "match" with the tliyht data. Th i s t 1.u1

would be the -new process ot determining the heatirwj r ii,

derivatives tor the body tlap trom HEATES'.



P .',. -,V I I . C o n c l u s i o it.;

An attempt to use the HEAT'sT program in its ori't)iiI

torm tailed to properly determine all the heating derivdt.1v,,

that ettect the body tiap. The angle ot attack and ho~ly ,.11i

detlection eftects were approximated but detinitivv vJ,;

could not be veritied due tO the problems in ca lcu ,it i n t ti,

Reynold's number ef fect. The keynold's nububr e t- t tt w- s

tound to be nonlinear. A scientitic approacih wdb Usui t4)

determine it a model could be tound that would linv.ariz,: ,)v

eliminate the Re ettect. Several techniques were Hti,:,! ,t,,

at least one was touna that could be applied to IIHAI'h; .

Indications are that the point studied on the tLIp w,,:. i i

turbulent tlow but the possibiity still exists that it ,!,I

have been in transition or a local tlow reattachment.

The question still exists as to how this alppr(i,,ic'i'dl

be used on the center]ine booy tlap thermocouple 1"'' 0 wit,,!. ,

appears to be affected much more by elevon detlect ion th.l tlkt-

one studied. The analysis done in this report is o'I , it,

tirst step in studying the overall heating ettect. ti :

area. It is a critical point in later missions od,,) II

.etermination is vital prior to the high cross-rali ,, " ,ie,II in the tuture.

m1



The Spaling and Chi techIki ]ue ircorito rates il1Iny

assumptions but it used at a reterenice and coindition Lild

be used as a valid Oret mont.! i II, A''EST. I r .CoIiCOt1(1 LhaI tI Ii

attempt be made to incopordtu t. he E liLtalpy-;td1taullI iUiIhe IU

relationship using the Spaldingj and Chi (A Values. 'l'ii:

appears to be the most accurate tleano; d"twriII li t

heating ettects during the maneuvers.

If the Spalding and Chi technique cannot ht. '.l, I

recommend attempting to use the Eckert turbulent tt(lw ,u,, ,,

or attempt to use models where Reynold's number is not, ,,:;.

The HEATEST program presently uses the Kalman ti 'ti ,(,

take the equation

X(t) = Fx(t) + -(;U(t)

and produces the new equation atter the time increme'ti

X(t+At) = Fx(t) + GI'(t)

'.he function P'x(t) has the vaIue

Fx(t) e At

This tunct ion could h1.  left- a1lne after the t irst i t,r.,i1 4)1

,ind save cOml, uter tiA me.i. I.)oweover i n a reIate t I ..

'udent has I akei ctdVc-W ait t o t I 1w A m1it ri x lw 11,1 1 I 1

ani has suhta nt u I y r ' t',I t ',. (.) tIOUt. t-r t 11i4-.

I recommend that t .- i , tII .i5 ot (,eterm Iii nj t 1,, . . *

nui)er that ItA- ',  - ,,,,t ,,,,' , .- ,, I v.1 I

-.l d t M a n t-tiv iet t Ii I i h.' I . • ,t , t ,sit e .-1 , .i



specitic time interval where the same conditions occur in the.

entry and the derivatives compared to obtain ,, ,,o0e .mc,:u-,t,.

value ot

I recommend a possible change in the tl igrt t..t

maneuver philosophy by going to shorter nmaneuvers wtu, ,

Reynold's number is not a problem. Another apt)roach may ti I-)

do the opposite by trying a series ot maneuvers sequen.-..-! ,i

to yet slopes and derivatives ot other parameters leivii, i!i,:

Reynold's number ettect to be established .ast.

Due to the tact that there was so much (ljttictity i,

modeling the entry heating at the body tiap it is ippar,-nt

that one or several things are taking place that I mi 1,11

* . aware ot. Hiaseo on my analysis, I would recommei, It , i

priority emphasis be placed in determining what is hoipreinii

here. More tlight test maneuvers should be )ertotmt.j 0,,z

analysis. There should be maintained a means of (oht:, i ni,:

thermocouple data from these and othet. 11,,iy tlap lications on

tuture tlights. A mission with a larding at Kenneily Spacj

Center or using properly loedled ARIA dircrdtt woutik al 1()w

thermocouple data to be seon in re.-,l-timt -ur inn tmte ertr,

(assuming little it no hackout t .te, pl !lce rentvl nj tf .

.-.*, tmor the recording and post tI iWt pltly ,h) ck (inf I -i ori)it t-

(which has been unsiiccitsstu I in several ptvotis it

linti I the heAting can ht- t eI 'alt I y pre(li cted in th -

"also recommend0 t h-At n|o W R ti 1s io ons ) i rtr mI w', . .

jng e of at t ack an(1 9tXi iti ii t (o'(i C3I)ll ti t ", i', t. 1

jromiciucnj p055 hi,!. tXxcI,. ! v I I j l'i.
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D)r-y-LnMot He RiU Modt-1SQiLUuf1ij

To pertorm the to] lowing calculations r,:turenCk- Irn nt.

were chosen at various times during the point in thtt eiitry

when tlight test maneuvers were being pertornnd on S'-2. fI I

order to do the'calculat ions the body tial) hcid to be JS ; ilt: '

tixed during these times and a second set ot cafculor'tii. ;

pertormed at one time in the entry with the tiap )t1i,,,

detlected. The table ot these reterence LJ)oiFts is ,howik in

Table 2.

Procedure tor Calculations Using Reynold's Analogy

Using Reynold's Analogy

N
Ct/2 A/R~e

St = Ct/2 =Nu/RePr ('

C) h(Taw-Tw)()

Nu - hL/K (4)

SubstitutiNg (3) into (4)

N u = Q 1,/ K(Iow -*Tw I

,1,2

were chboitutn (2) intou tie(uinh)onti h: ~~ -

--- whn ligt estmanuvrs er bengperormd n 5I"-2.IN

2i or er t do te'caNuH ineteb(I lp a ore -S tli*,



Table 2. Entry ..Rt*:rv1Ictfon(l-tiona
" I:'~or Ifeating-. -.. P.. t j, LA-.I.c. L uL t

Ref V, Mach E E-7 Loy Re T t Dret
Pt t t/sec # slugs/f t p, E6 i cl,:j 6

1 24178 26.1 .59 5.75 .56 356.7 39.11 hO.8

2 22605 24.2 1.15 f).00 1.00 36.1.2 39.3t f67..I

3 20985 21.8 1.74 b.!25 1.33 386.9 38.08 , .o

4 19977 20.1 2.29 6.20 1.59 412.2 44.6 6h .1

5 18804 18.6 2.80 b.25 1.78 425.8 41.51 57.t

6 17203 16.5 4.50 6.39 2.46 446.5 40.89 54.?

7 15573 14.8 6.50I 6.50 3.16 462.6 41L."3 4t,.m

.



1-N
QL/K(Taw-Tw) =APrRe(1

The result is

~1 I-N

O/Qret (AK(Taw-Tw)/L Re )/Qref ~

Rro = (Taw-Tw)(f

1 -N
so O/Qret = (AKk/LQref)ToRe VIf

2
With To proportional to M.

2 2
T*/To (1-.5i( -l)M.,) =(1+.2m,,) C1

2
To =(1+.2M,T(1

with K-.054 BTU/FHr4't which is changing and is hight-r w i iA

increased Mach number and viscosity. ihu; recovery tactor (R~)

is equal to .9 and L-]I)7.' teet. I n ye ne ri IK kise s

Sutherland's Law of Viscosity which is

/4-2.27E-H L' .T /I+198.6) (13)

K pu/Pr wi lb Pr= .74 atid Cp,-tjiUb (i

or L V.LTe

Placing the knmOwn constdnts 1 nt.4o the eqjudt ion the Q/1.rkzt

2 I-N
U/Qret 67.95,,tA(!+.2M. )T.Re(

where tor laminar tlo.w A .1 iQ arill N=') Wi~ LurthIII It -)w

A-.U2146 and N-.2. llinjfl' the tree stream vatiiis cit tt! .

ot i nt eres~t., 'it!~ Q/ irt f- veil . i to'r lali in,r ai~l ti f I .. .



Table 3. Method 1. Calculations lsingReynold'sAn LOjy a!10
*. - . S.uthe r1~an '~a

Log Re Re ,.P f P t Oret Q/Qret Q/(.)j It
(stucIs/ Laminar Tr'iuJii
ti sec)

5.75 39811 2.74E-7 1 60.8 .0235 1 !97

6.00 63096 2.79E-7 2 67.4 .0270

6.125 79265 2.95E-7 3 65.0 .0294 . 901)

6.2 91397 3.11E-7 4 . .0316 .2040

6.25 100000 3.18:-7 57.6 .0333 .2228

6.39 129643 3.32E-7 6 54.1 .0360 .2b55

6.50 158489 3.44E-7 7 4b.8 .0410 .32tj

j , . . . . . . .



Method 2 using the normal shock tables requi red ustk or

the shock tables in Ref. 13. Using the con.11tions known ,t,

each point upstream of the shock, the tabli.s allowed ifit,

values M and the ratios Ta/T, avid P,,/Po to be tound. 1isi,-1 l ,

tormula trom Ret. 7 tor stagnation pressure

Pns P"(l+V2/171 9T ) in atmospheres (W)

we use this value in Ref. 7 to calulate Log, 0,uo and ,A 11.iil

(15), Re is tound and used with (16) to tind Q/Qret turkii ,Ie,.

The downstream temperature was also calculated using ,he

treesteam condition and the shock table ratio. The Iist. ,

results is on Table 4.

Method 3 considered the downstream flow prior ft. fi#,.

boat tail expansion to be approximately Mach 3. tiy .t,;.uu, i',

that the body flap is fixed at +7 degrees the tables in 1,,(- 1 1

can be used to determine a value (9. Using that 0 the tl(r )ii,

Mach number (Mn) can be tound using

Mn - 3 SING ( ')

The weak/strong shock charts in Ret 13 and the treestreal,

conditions, the ratio T/To in(1 t h,'s To) can tb,* tuoltld. Wi th

the assumed Mach 3 conlit ti(uit thiv r . i () /' crtfi1 i t C , it-

dotermined the same way. The 1 .() I l r'O , ;,,, i I.I -W ,

be determined using the previiuu.Iy Ie rttr intr.il v,1ne,14.V , ., A I

tables tor the Mach numbe r Mot. The V Uet! '* i nw ?',,

'r - T= T +.b(1w-'ra)t.z 'I<-'t , where '!'<-o'J'.,

II



2!i Table 4. ethodZ.. ._u Qos siso~a_:_l~ 'L ,

Ref Pt Mach # T./To Pns T Re Qlr,t

Table (atms) E-6 deg R

1 26.1 133.4 .0t64 3.3 47584 87388

2 24.2 114.8 .0271 3.2 41811 144175

3 21.8 93.4 .0367 3.17 36117 190306

4 20.1 87.5 .0434 3.09 360b8 233013

5 18.6 68.2 .0469 3.01 29U43 266572 .1"/.

6 16.5 53.9 .0631 2.86 24057 377173 .2U7

7 14.8 43.5 .0743 2.77 20142 479641 . 1

. ..



using (13) to tind the viscosity and (15) tor tinding Nu the

O/Oref values can now be determined us ,.j equation (16). The

values of Q/Oret can be deterinined tht same way tor various

changes in body tlap detlection by fixing al these

deflections at one condition (reternce point 5 was chos.er,).

This angle is input into the tahles and a nuw value ot U.

The exception to this is when the S angle is 0. Then there

is no detlection or shock atter the Mach 3 tlow. Ttiurufltr N;n

is equal to 3. The results ot these calculations are I istIi

in Table 5.

Method 4 used a pressure ratio ralationship anti, ',,v

angle the flap makes with the treestream tlow to deteriniiie t.,4:

Newtonian tlow initial conditions. This pressure ratio is

2

where A = ( +S,-7) (2

The flap angle was again fixed at +7 degrees which, (du,. t, Oi

boattails slope approximately makes the t]aip detlection eqi' i

to the angle of attack. The shock tables give us P-a/p.. ,ht

value P2 can then be determined. Using this value and tht 'I

value from the previous method, the equation

P. P/ RTa

produces the downstream density. The downstream Mach nuk,.,..

can be tound from the tables cind velocity Va can hu ,,.

Vl = Mr2 .a = M , n t ,

* Heynold's ntiinh,!r i s dotorivnt -o tis' ri (1 )iisi5 ny t h.t



Table 5._Me QjW@~~9K(.'~ icgo. U inw M., :

For Body Flap Deflection +7 deg, 0=25, Mn=l.27 and Ta/T,=1.172

Ref Tm/To To T, R4 Q/ert
Pt E- b

1 .0079 45152 16124 188'7 1l1,9u 2.77 62)4 .18H

2 .0085 43024 15364 18006 146H0 2.71 11238 .139

3 .0122 37202 13285 15570 12947 2.54 14165

4 .0165 33787 12065 14140 1.1968 2.44 17503

5 .0143 29886 10671 12506 10623 2.30 20553 W

6 .0180 24806 8858 10382 9566 2.17 29256 .0,

7 .0223 20721 7400 8672 7868 1.96 39405 .46.'

For M=18.6, To=29886, TI=10 6 71 , T,/To=.01425

Ref p ( Mn Ta/Tj 1 L ,4 Re Q/Qlt" t

Pt E-6

8 000 -- ----. 357 10670 10109 2.24 21004 .

. 9 3.5 22 1.124 1.078 11.503 10343 2.27 2086J W'

10 7.0 25 1.270 1.172 12506 10623 2.30 20553 i4ll

* 11 10.5 28 1.410 1.261 1-3456 10890 2.33 20366 .i3.'

12 i4.0 32 1.567 1.365 14566 11206 2.36 20130 .*111

Vm
_°9 3

-o. .



previous method. Re and Q/Qret Using (16) con|let.t-; t.ltvf

analysis. The changing body tiap calculations airu on.: i, C

similar manner resulting in a changing Ma and other down ,,ts,,w

values. The resulting Q/Qret showed very little chanyo wii l

the body flap detlections. The results are shown in Tdble ti.

Method 5 incorpordted the Eckert flat plate formula

0/Oret - (.0296(RTo-Tw)(Re " )(T*/T.) ( 24

S(~, V.Cp/778.3Pr P/ /?).

tor turbulent flow with deflection where T* is using (l,) ,,,t

Re trom (15). All values used were the original freestr.,ii

conditions at the reference points, Pr=.72, and Cp=600b. "

q dot value is then divided by the qret tor that point. li,

results are in Table 7.

Method 6 used the previous Newtonian calcu.atioti fJ I

and V with the enthalpy equal to

Hs = hom VO /2 CpTo (25)

Both methods to obtain Hs were used. Then using a St .0.3 Q

was calculated from the equation derived in Ret 13

Ai R a '= A R )o s.a e

0 .03 V' J/7 78 . I

This was then divided by the reterence Or& t- Lo hl ol 1 1,

"/Oref values. These results dxe displayed in Tab,:.

.*01



Table 6. Method 4. _onianEl __ _

- For a body flap deflection of +7 deg and M =2.6

Ref P /P p_ P -0 aR )a 00 2 a6 a V R

1 380.51 .0363 13.82 .43 6738.4 17520 23415 .61

2 324.93 .0722 23.45 .76 6578.0 17103 37173 .8'9

3 252.52 .1158 29.26 1.10 6116.5 15903 49428

4 278.02 .1624 45.15 1.87 5828.9 15155 7506H 1.3!'

5 213.27 .2049 43.70 2.,14 5481.8 14253 80505 1.H

6 166.41 .3450 57.41 3.22 4980.0 12948 1127H I .-It

7 134.93 .5133 69.26 4.65 4564.8 11868 15435

For changing body flap, K.=18.6 arid P.=.2049

Ret 6 P0 / P - ag V .fa Re' p Q/Qrut
Pt deg E-6 E-6

8 34.5 156.01 31.98 1.75 5063 1519U 2.24 76545 1.20

9 38.0 184.15 37.73 1.91 'i257 140?H3 2.27 82261 i .21

10 41.5 213.27 43.70 2.04 5482 t4253 2.10 8O5 05 1.28

11 44.0 242.59 49.71 2.15 5686 1404' ".33 8221 .1.1

12 48.5 272.04 55.74 2.23 5916 13607 2.36 81721

:' " : ' " l " , " . -'- ' ' i" " . ; -"- .- m,' ,,. .- ,.-....-"=,I.,,,,.,~i-u%, -- ; .%..,'..,. 
- -

j 
. '

,



Table 7~. Method 5. I-ttrLJ-fla Plate Cal uli-n,

Ret Pt. 0 /Oret

1 10.41 .72

2 15.35 .221'7

3 15.50 .2384

4 15.39 .2428

5 13.44 .2421

6 14.06 .29

712.41 .21t



Table 8. Method 6. Calcula-tipfns_1 'orIitpanto_ Nuyber-rithlpy

2
Ref Pt. Hs-V., /2 Q Qret Q/Qret Hs=CpTo 0 Q/Qrf,

E8 E8

1 2.923 8.409 60.8 .1383 2.712 7.802 .K'W7

2 2.555 12.767 67.4 .1894 2.584 12.913 . 1 'ih

3 2.202 14.847 65.0 .2280 2.234 15.060 .2310

4 1.995 21.800 63.5 .3430 2.029 22.167 .349o

5 1.768 19.81 57.6 .344 1.795 20.11 .349

6 1.480 23.78 54.1 .440 1.490 23.94 .440

7 1.212 25.79 46.9 .550 1 .245 26.47 .566

S.

,o-, ..



Method 7 used the Spa]ding and Chi techriique dii ,ht)-d

in Ret 11. This method assumed that the edge conditions n),. xt

to the wall and temperature at the point ot study are known.

From Method 3, T2 and Re.. are used as the edge condi, Vi rw,.

With the wall temperature known the ratio Tw/T, is obtili ,'.

From the tables in Ret 11 the values Fc and F, cst,! tOLf,1.

From FR , the tables are used again to tind Fe't. Thr 11

produces the value Ct trom

Cf FcCt/FC (?7)

Tdble 9 shows the calculated Ct values and there i nu)t I nfi,

the Stanton Number-Enthalpy method.



'. "._ " - " ". -. -•' . " t . . ." .. . . ... .. i.. . .. . ...- : - - - - " • 
' 

. "

Table 9. Method 7. CalculatiQn Ot_ :linuard Qhi it.,

Ref Pt. Tw/Te Rea Fic FI, FR He FcCt Ct Q/Uret
• : E5

.0029 .10059 . 3!1(

2 .0029 .0057 .i lno

3 .1568 1.55 .52 24 3.71 .0029 . 0' .21 Y,.

4 .0029 .0053 . MA0

5 .0029 .0050 . i 0()()

6 .26 3.83 .613 1U 3.86 .0029 .0047 . 14-1t,

7 .0029 .0044 ..120)

*..-

°' -..



Appendix~
,,

I r ~ RC C i cu!itAnL. uy

An RC circuit, excited by a piecewise constant input

-- I

] "V(t)

It a voltage e(t) is piecewise constant in every intturvdl

:" ~nT < t < (n+I)T'(/

The differential equation is

RC dV/dt + V = en

The solution, which equals V(nT) at t=nT is

, -( t-nt)z-
v(t) =en + V(n') -eni e ( ")

Evaluating the solution at t-(n+i.)T, the ditterential. *u,.I ,,

becomes

r't -( t-rht)/NC

V(nT+'r) en + tVI n'l'-en)le

-'tRe -'t/ C
V(n+l) e V( l-f I 0 )en '2)

which is first order linear. Ci I I i ng e n ''eq, wher T

e", i Ii br ium t'.lI- p ttr rt ure r,;I, ,. t o I *.-,I t- 1rh I 1! )(l.

., .



.25
Teq ( (/E') (33)

and V-T, the output or therm(ocouple temperature. The output

becomes

n -At/RC -at/Nc n-I
where T (1-e )Teq - e T (34)

this is constant at each At. This uqBudt i,,,, (oulo1 b it ti, 1 to

simulate thermocouple temperature for a prescribed heat ,it,

corresponding to a given Teq. Solving for T

-At/RC -At/Rc n-i
-,:(l-e )Teq - T, - [I-()-e )T (

-At/ C -At/RC n-I
or T,= Tn/[ -e -I/(l-e )-*it (Ab,

rearranging

-at/RC - &t/RC
Teq(tr) = (1/1-e ),I  -e T (tn-i) ( /)

-At/RC
it 1/leI(A

then Teq(t.,) g j T1 - (g- )'rt(tn-l) ( i

This is the circuit analogy used to calcuLate an eqniO L)riui,

temperature. It gat, then you have just the equi Ii !)riuL

assumption. The maximum value ot 9 is assumed to he I.') , 1

second ot t tme and the limit wt t is NW'x.I.

li: . ... ; . . . .. . ...
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